The microwave response of a two-dimensional electron system with a nearby in situ grown back gate has been investigated in transport. Several resonant absorption peaks are detected in the magnetoresistance and can be assigned to the excitation of collective magnetoplasma modes. The results are compared with data measured on a similar electron system but without gate. The two-dimensional plasma spectrum is drastically altered by the gate and exhibits a linear dispersion instead of the conventional square-root dependence anticipated from theoretical considerations. DOI: 10.1103/PhysRevB.75.193307 PACS number͑s͒: 71.35.Cc, 71.30.ϩh There has been an increasing interest in the basic properties of robust collective phenomena such as plasma excitations in low-dimensional electron systems. An important impetus comes from potential applications of plasmons in the field of millimeter and submillimeter radiation detection. The main thrust is on two-dimensional plasmons in device structures based on single and double quantum wells 1,2 or conventional field-effect transistors.
The microwave response of a two-dimensional electron system with a nearby in situ grown back gate has been investigated in transport. Several resonant absorption peaks are detected in the magnetoresistance and can be assigned to the excitation of collective magnetoplasma modes. The results are compared with data measured on a similar electron system but without gate. The two-dimensional plasma spectrum is drastically altered by the gate and exhibits a linear dispersion instead of the conventional square-root dependence anticipated from theoretical considerations. There has been an increasing interest in the basic properties of robust collective phenomena such as plasma excitations in low-dimensional electron systems. An important impetus comes from potential applications of plasmons in the field of millimeter and submillimeter radiation detection. The main thrust is on two-dimensional plasmons in device structures based on single and double quantum wells 1,2 or conventional field-effect transistors. [3] [4] [5] The spectrum of plasmons in the two-dimensional electron system ͑2DES͒ in the longwavelength limit ͑k F ӷ q ӷ / c͒ was calculated as early as 1967 by Stern 6 as follows:
Here, q is the wave vector of the plasmon, while n s and m * are the density and the effective mass of the two-dimensional ͑2D͒ electrons, respectively. The permittivity of vacuum and the effective permittivity of the surrounding medium are denoted as ⑀ 0 and ⑀͑q͒, respectively. This spectrum was experimentally verified in silicon inversion layers as well as for electrons on the surface of liquid helium.
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The 2D plasmon spectrum possesses two features of particular relevance here: ͑i͒ it is gapless, i.e., the 2D plasmon frequency approaches zero as q approaches zero, and ͑ii͒ the plasmon frequency is perturbed by the geometry and dielectric properties of matter in the immediate vicinity of the 2D-electron system via the effective permittivity ⑀͑q͒ in Eq. ͑1͒. For instance, if a gate is added underneath the 2D-electron layer, the 2D plasmon spectrum is described by the following expression:
Here, d is the distance between the 2DES and the conducting gate layer. The above formula applies provided the distance of the 2DES from the top crystal surface d 1 fulfills the condition qd 1 Ӷ 1. From Eq. ͑2͒, we conclude that the 2D plasmon dispersion may be substantially modified merely by changing the parameter qd. In the limit qd ӷ 1, the frequency follows the conventional square-root dependence on q. When qd Ӷ 1 instead, the plasmon spectrum adopts the linear dependence described by
We will refer to these excitations as acoustical plasmons. Previous studies of the dispersion of plasma excitations in gated systems were performed either in silicon based fieldeffect transistors ͑Refs. 7-9͒ or with 2D electrons on the surface of liquid helium ͑Ref. 10͒. For Si metal-oxidesemiconductor field-effect transistor, the plasmon spectrum was investigated with far-infrared transmission spectroscopy for the frequency range from 300 to 1000 GHz. In these experiments, coupling of the incident radiation to the plasmons was accomplished with the help of a grating, whose period defined the momentum of the plasma excitation. For electrons on a helium surface, the plasmon spectrum was determined by resonantly exciting standing plasma waves in the radio frequency range from 0.02 to 0.4 GHz. The momentum of the excitation in these measurements was set by the size of the 2D-electron system. To the best of our knowledge, in all these experiments, the value of qd always exceeded 0.25 ͑qd = 0.25 in Ref. 7 , qd = 0.27 in Ref. 8 , qd = 0.28 in Ref.
9, and qd = 0.5 in Ref. 10͒, and hence either the square-root dependence or the full, more complex functional dependence of Eq. ͑2͒ was valid. In this work, we address the unexplored regime with qd Ӷ 1 by investigating back-gated devices with mesas on the millimeter scale such that qd Ϸ 0.02. As many as three magnetoplasma modes with wave vectors determined by the transverse size of the structure were observed. They exhibited a linear dispersion consistent with the theoretical prediction of Eq. ͑3͒. The plasma velocity was investigated as a function of the electron density. A comparison of the linewidth of the resonances in a sample with and without back gate suggests that plasma damping is still mainly caused by electron relaxation processes and unaffected by the presence of a conducting back-gate layer. The magnetoplasma excitations were detected by comparing the magnetoresistance R xx traces acquired on a Hall bar geometry in the presence and absence of microwave radiation. 12, 13 When the microwave radiation is in resonance with the plasmon frequency, the electron system is heated. 14 The increase in the electron temperature is reflected in the sample resistivity, since scattering mechanisms are temperature dependent. Such experiments are most commonly performed by sweeping the magnetic field at a fixed frequency f res of the incident radiation. The perpendicular magnetic field modifies the plasma spectrum. The plasma and cyclotron excitations hybridize, and the frequency of the combined mode is given by the formula
where c = eB / m * is the cyclotron frequency and AP 2 follows from Eq. ͑3͒. The magnetic-field dependence of c ensures that a resonance will occur at some field provided the frequency of the incident radiation exceeds AP /2. Since the cyclotron frequency is well known, the plasmon contribution AP to the resonance frequency hybrid =2f res can easily be extracted.
The experiments were performed on a two-dimensional electron system located 135 nm below the top surface in an 18-nm-wide GaAs/ AlGaAs quantum well. A 600-nm-thick n + -GaAs back gate ͑doping concentration of 2.3 ϫ 10 18 cm −3 ͒ was grown in situ at a distance d of 765 nm below the quantum well. Hall bars were patterned with a width of W = 0.1 mm. The distance between adjacent voltage probes was equal to 0.5 mm. With the help of the back gate, the electron density n s and electron mobility were tuned from 1.3ϫ 10 11 to 2.8ϫ 10 11 cm −2 and from 1.8 ϫ 10 6 to 5.1ϫ 10 6 cm 2 / V s, respectively. A set of backward wave oscillators was used to generate radiation covering the frequency range of 13-80 GHz. The microwaves were guided to the sample via an oversized waveguide with a cross section of 19.0ϫ 9.5 mm 2 ͑WG17͒. The waveguide was mounted in a cryostat with a superconducting coil and submerged in liquid helium. The sample was placed near the end of the waveguide in the Faraday geometry. The magnetoresistance was recorded with a standard lock-in technique by driving a sinusoidal current through the sample with a frequency of 13 Hz and an amplitude between 100-1000 nA. These experiments were carried out at a temperature of 1.6 K.
In Fig. 1 , xx is plotted for a few different radiation frequencies. Also shown is xx if no microwave radiation is incident on the sample. At 25 GHz, a well-defined resonance develops near B = 51 mT for both orientations of the magnetic-field. This resonance shifts to higher magnetic field values as the microwave frequency f increases and a second peak emerges at frequencies above 35 GHz. For instance, at f = 39 GHz, two resonances appear and they are located at 90 and 44 mT. At even higher microwave frequencies, three resonances appear. An example at 66 GHz has been included. We will argue below that the observed resonances correspond to the excitation of different transverse ͑for B =0͒ magnetoplasma modes.
The origin of these resonances is best identified by plotting their magnetic-field positions versus the incident microwave frequency as in Fig. 2 . The data were obtained at an electron density of 1.61ϫ 10 11 cm −2 . The data points coalesce onto three lines. In the strong magnetic-field limit, each of these modes asymptotically merges into the cyclotron frequency line for an electron effective mass of 0.067m 0 . When fitting the magnetic-field dependence described by Eq. ͑4͒ to the data, the modes extrapolate to the following zero-field plasma frequencies: f 1 ͑0͒ = 12.0 GHz, f 2 ͑0͒ = 35.3 GHz, and f 3 ͑0͒ = 60.1 GHz. We assign each mode a wave vector q = N / W. Since according to the dipole approximation 16 ,17 a uniform microwave field can only excite modes with odd numbers, we only consider odd values of N =1,3,5. The linear dispersion of these plasma modes then becomes apparent in the inset in Fig. 2 . For the sake of comparison, the dispersion of the 2D plasma modes observed in a Hall bar structure without an in situ grown back gate is shown in the same plot for the identical electron density. This Hall bar has a width of 0.4 mm instead of 0.1 mm. The plasmon dispersion in the back-gated sample indeed deviates considerably from the conventional square-root dependence seen in this ungated sample. We conclude that the observed modes are transverse ͑strictly transverse only for B =0͒ plasmon oscillations and the presence of the back gate has altered drastically the nature of these excitations. The influence of the nearby conducting back-gate layer may qualitatively be understood as follows. For the plasma wave propagating in the 2DES, the conducting back-gate layer partly screens the electric fields produced by the charge fluctuations associated with the plasma wave. The effect of screening is equivalent to placing an image charge equal in size but opposite in sign at a distance twice the spacer thickness separating back gate and 2DES, 2d. The resulting fictitious out-of-phase bilayer charge wave possesses a linear dispersion in the small wavevector region, qd Ӷ 1, 18 and hence resembles an acoustical plasmon. Substituting in Eq. ͑3͒ the parameters n s = 1.61 ϫ 10 11 cm −2 , m * = 0.067m 0 , d = 765 nm, and ⑀ = 12.8 of our experiment, we obtain the predicted linear dispersion drawn as a dashed line in the inset in Fig. 2 . It follows closely the experimental data. The calculation was performed assuming the following dielectric function ⑀͑q͒:
It has been derived for a structure comprised of a 2DES in between a top and bottom layer with thicknesses d 1 and d, respectively, and with a conducting plane underneath. 20 This expression yields in the limit qd 1 Ӷ 1 the frequently used approximation for p , Eq. ͑2͒. The deviation between experiment and theory can likely be ascribed to the inaccurate description of the dielectric environment surrounding the 2DES and/or the nonideal screening properties of the doped n + -GaAs back gate. The presence of a back gate enables to tune the density over a wide range ͑1.3-2.8͒ ϫ 10 11 cm −2 . The bottom panel in Fig. 3 demonstrates that for a fixed microwave frequency, resonances move to higher values of the magnetic field when the electron concentration decreases. For each concentration, extrapolation based on Eq. ͑4͒ of data obtained at a set of frequencies ͑like in Fig. 2͒ is used to obtain the zero-field plasmon frequency of the fundamental mode f 1 ͑0͒. With the knowledge of f 1 ͑0͒, the velocity of the plasma excitations can be derived from v AP =2f 1 ͑0͒ / q 1 , where q 1 = / W is the wave vector of the fundamental mode. The dependence of the plasma velocity v AP on carrier concentration is depicted in the top panel of Fig. 3 . The dotted line displays for comparison the theoretical estimate according to Eq. ͑3͒, which describes a square-root dependence.
Also shown in Fig. 3 is the Fermi velocity v F . Even though adding a back gate to the system decelerates the plasmons, their velocity v AP still fulfills the condition v AP ӷ v F for this heterostructure with d = 0.765 m. Hence, Landau damping, 19 i.e., collisionless plasma damping, only weakly contributes to the attenuation of the acoustical plasma excitations. Landau damping would only become significant when the distance between the 2DES and the back gate d is smaller than 10 nm. In Fig. 4 , the magnetoresistance for a sample with back gate and an ungated 2DES are compared at the same electron density to investigate differences in the resonance linewidths. The linewidth of the resonance ⌬f can easily be deduced from its width ⌬B on the magnetic-field axis in Fig. 4 and the tangent of the magnetodispersion ͑as shown in Fig. 2 for the sample with gate͒ at the field where the resonance occurs, ‫ץ‬f / ‫ץ‬B, using the relation ⌬f = ͑‫ץ‬f / ‫ץ‬B͒⌬B. At frequencies above 30 GHz, the plasmon excitations already approach the cyclotron line for both samples. Hence, at a given frequency, the ratio of the magnetic-field widths ⌬B ungated / ⌬B backgated approximately equals the ratio of the frequency linewidths ⌬f ungated / ⌬f backgated . From Fig. 4 , these ratios are estimated to be 2.1. This value approximately coincides with the ratio of the electron-scattering times ungated / backgated determined from the zero-field mobility ͑1.9͒. This confirms that only single-particle scattering contributes to the lifetime of the plasma excitations.
In conclusion, we have investigated the resonant absorption of microwave radiation using transport measurements on Hall bar samples containing a two-dimensional electron system with a buried back gate. Several plasma modes were detected. They exhibited a linear dispersion rather than the conventional square-root dependence on wave vector observed in ungated samples.
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